Objectives: To examine the distribution of all genes known to be responsible for resistance to quaternary ammonium compounds (QACs), and their association with resistance to QACs and other antimicrobials, in Escherichia coli recovered from retail meats.
Introduction
The quaternary ammonium compounds (QACs) are non-corrosive and non-irritating, with little toxicity and a high antimicrobial efficacy over a wide pH range, and are routinely used in both clinical and industrial settings. 1 -3 It has been suggested that the widespread use of QACs may contribute to the emergence of antimicrobialresistant bacteria. 4, 5 There are five QAC resistance genes, sugE(c), emrE, ydgE/ydgF and mdfA, that are known as chromosome-encoded genes conferring QAC resistance. 6, 7 Unlike mdfA, which belongs to the major facilitator superfamily (MFS), sugE(c), emrE and ydgE/ydgF are members of the small multidrug resistance (SMR) family. The sugE(c) gene mediates high levels of resistance to QACs. 8, 9 Likewise, emrE, encoding a multidrug exporter, is associated with resistance to a wide range of toxic cationic hydrophobic compounds, including QACs. 10 -12 Unlike other resistance genes, ydgE and ydgF overlap on the Escherichia coli chromosome and confer resistance to QAC only when co-expressed. 6, 13 In addition, five QAC resistance genes [qacE, qacED1, qacF, qacG and sugE(p)] have been identified on mobile genetic elements in Gram-negative organisms. 14 -16 These genes belong to the SMR family 15, 17 and are generally plasmid and/or integron encoded, conferring efflux-mediated resistance to QACs. The qacE gene is located in the 3 ′ -CS of class 1 integrons in Gram-negative bacteria, and the qacED1 gene is a deletion mutation of qacE that has been associated with an increased MIC of benzalkonium chloride. 14, 18 The qacF gene displays a high degree of similarity (67.8% identity) to the qacE gene. 16 The qacG gene has while sugE(p) is frequently present on an IncA/C multidrug resistance plasmid, 19 which is common in Salmonella isolated from food animals and retail meats. Expression of the sugE gene confers high MICs of cetylpyridinium chloride (CTPC), 8 a disinfectant used in food-animal processing for carcass washing, as well as a component of mouthwashes, toothpastes and lozenges.
QACs are commonly used for disinfecting food-processing and production environments to ensure microbiologically safe food products. 20 This raises questions about the possible role of QACs in promoting the development of antimicrobial resistance, in particular co-or cross-resistance to antimicrobials. 21 Most E. coli strains are part of the normal intestinal flora but some strains, such as diarrhoeic E. coli, can cause enteric infections. Contamination of food with E. coli may occur during production, processing and distribution and at retail. Generally, meat products are one of the food categories that are most commonly contaminated with E. coli and also are major reservoirs of antimicrobial-resistant E. coli.
22,23 E. coli isolates from clinical sources have been shown to exhibit a high MIC of QACs that was correlated with antibiotic resistance. 24 While qacED1 is frequently presented in E. coli and other enteric bacteria, we undertook a more comprehensive study to examine the distribution of all known QAC resistance genes, and their association with resistance to QACs and other antimicrobial agents, in E. coli recovered from retail meat products.
Materials and methods

Bacterial strains and antimicrobial susceptibility testing
A total of 570 E. coli strains were included in this study. They were isolated in 2006 in the USA from retail pork chop (n ¼ 98), ground beef (n ¼ 114), ground turkey (n ¼ 176) and chicken breast (n ¼ 182) by the National Antimicrobial Resistance Monitoring System (NARMS) retail meat programme. 25 MICs had previously been determined using the Sensititre TM automated antimicrobial susceptibility system in accordance with the manufacturer's instructions (Trek Diagnostic Systems, Cleveland, OH, USA) and the NARMS protocol. Fifteen antimicrobials were tested: amoxicillin/clavulanic acid, ampicillin, cefoxitin, ceftiofur, ceftriaxone, chloramphenicol, nalidixic acid, ciprofloxacin, gentamicin, kanamycin, amikacin, streptomycin, sulfisoxazole, trimethoprim/sulfamethoxazole and tetracycline. The results were interpreted in accordance with CLSI criteria 26 with the exception of those for streptomycin (resistance breakpoint ≥64 mg/L). E. coli ATCC 25922, Enterococcus faecalis ATCC 29212, Staphylococcus aureus ATCC 29213 and Pseudomonas aeruginosa ATCC 27853 were used as quality control organisms.
PCR amplification
The primers used to amplify qacE, qacED1, qacF, qacG, emrE, sugE(c), sugE(p), mdfA and ydgE/ydgF were designed based on sequences from GenBank (Table S1 , available as Supplementary data at JAC Online). The DNA template was prepared by suspending an overnight culture in 600 mL of reagent-grade water. The suspensions were heated at 1008C for 10 min and centrifuged at 13 000 rpm for 5 min. Each 25 mL of PCR mixture consisted of 2.5 mL of template, 5 mL of 5× PCR buffer, 1.5 mM MgCl 2 , 200 mM dNTP, 0.4 mM primers and 1.25 U of polymerase (Promega, Madison, WI, USA). Amplified PCR products were analysed on 2.0% (w/v) agarose gels. Appropriate positive and negative controls for amplification were selected from retail meat E. coli isolates. The positive controls that carried the QAC genes were confirmed using PCR followed by sequence analysis (GENEWIZ, Inc., Germantown, MD, USA). All results were confirmed by at least two independent experiments.
Determination of MICs of disinfectants
The MICs of disinfectants for E. coli were determined using the agar dilution method recommended by the CLSI. 26 E. coli suspensions were adjusted to a turbidity equivalent to that of a 0.5 McFarland standard and delivered to the surface of Mueller-Hinton agar plates using a multipoint inoculator (Oxoid, Lenexa, KS, USA). The final inoculum was 10 4 cfu per spot. Plates were incubated at 378C for 24 h. The disinfectants included were N-alkyl dimethyl benzyl ammonium chloride (ADBAC; Acros Organics, Morris Plains, NJ, USA), cetyltrimethylammonium bromide (CTAB; MP Biomedicals, Santa Ana, CA, USA), CTPC (Sigma, St Louis, MO, USA), hexadecyltrimethylammonium bromide (HAB; Sigma), chlorhexidine (CL; Sigma) and triclosan (TCL; Fisher Scientific, Pittsburgh, PA, USA). The range of concentrations used to determine the MICs of the disinfectants was 0.125 -1024 mg/L. E. coli ATCC 10536 and S. aureus ATCC 25923 were used as quality control strains.
Data analysis
The x 2 or Fisher's exact test and Student's t-test were used to analyse the data using SAS 9.2 (SAS Institute, Cary, NC, USA). A P value ,0.05 was considered statistically significant for comparisons.
Nucleotide sequence accession numbers
The nucleotide sequences of qacF, qacG and sugE(p) have been submitted to GenBank under accession numbers KC285363, KC285364 and KC285365, respectively.
Results
Presence of disinfectant resistance genes
The ydgE/ydgF genes were the most widespread QAC resistance genes, being found in 100% of isolates, followed by mdfA (96.5%; n¼550), sugE(c) (84.0%; n¼479), emrE (77.2%; n¼440), qacED1 (22.3%; n¼127), sugE(p) (6.8%; n¼39), qacF (1.8%; n¼10) and qacG (0.4%; n¼2). The qacE gene was not detected in any of the isolates. The top two QAC resistance genotypes were emrE-mdfA-sugE(c)-ydgE/F (54.6%) and mdfA-sugE(c)-ydgE/F (17.5%) (Table S2 , available as Supplementary data at JAC Online).
Prevalence of QAC resistance genes in E. coli by meat type
Regardless of the source, ydgE/ydgF (100%) and mdfA (99.5%) were commonly found in retail meat isolates. The prevalence of other QAC resistance genes varied by meat type. The qacED1 gene was more common (P,0.05) in E. coli isolated from poultry meats (chicken: 31.3%, n ¼ 57; ground turkey: 31.8%, n ¼ 56) than from ground beef (7.0%; n ¼ 8) and pork (6.1%; n ¼ 6). The sugE(p) gene was found in 10.2% (n¼18) of isolates from ground turkey, 7.7% (n¼14) from chicken and 3.5% (n¼4) from beef, but not in E. coli from pork. Surprisingly, the frequency of the sugE(c) gene was higher (P,0.05) in the beef (99.1%) and pork (98.0%) isolates than in the turkey (75.6%) and chicken (75.3%) isolates. The frequency of the qacF gene was slightly higher in E. coli from pork than beef and turkey, and no qacF gene was found in chicken (Table S2 ). The qacG gene was only found in two pork isolates, and the qacE gene was not detected in any of the isolates.
Association between disinfectant resistance genes and antimicrobial resistance
The association between the presence of sugE(p) and qacED1 and antimicrobial resistance was significant (P, 0.05) (Figure 1) . Interestingly, most sugE(p)-positive isolates (79.5%; n ¼ 31) were multidrug resistant (resistant to at least three or more classes of antimicrobial agents). Among the sugE(p)-positive isolates, 87.2% (n ¼ 34) were resistant to ampicillin, 74.4% (n ¼ 29) to amoxicillin/clavulanic acid, ceftriaxone, cefoxitin and ceftiofur, 66.7% (n ¼ 26) to tetracycline, 61.5% (n ¼ 24) to streptomycin and 46.2% (n ¼ 18) to sulfisoxazole. There were 22 different resistance patterns among the sugE(p)-positive isolates. The most frequent resistance pattern was ampicillin-amoxicillin/clavulanic acid-ceftriaxone-cefoxitinceftiofur (20.5%; n ¼ 8), followed by ampicillin-amoxicillin/ clavulanic acid-ceftriaxone-cefoxitin-ceftiofur-streptomycin (7.7%; n ¼ 3) and ampicillin-amoxicillin/clavulanic acid-ceftriaxonecefoxitin-ceftiofur-streptomycin-tetracycline (7.7%; n¼3). Among the 127 qacED1-positive isolates, 93.7% (n¼ 119) were resistant to sulfisoxazole, 75.6% (n¼ 96) to gentamicin, 75.6% (n¼ 96) to tetracycline, 59.1% (n ¼ 75) to streptomycin and 30.7% (n ¼ 39) to ampicillin. Furthermore, many of the qacED1-positive isolates were resistant to multiple antimicrobials. For instance, 56.7% (n ¼ 72) were resistant to both sulfisoxazole and gentamicin, 43.3% (n ¼ 55) to sulfisoxazole, gentamicin and streptomycin, and 39.3% (n¼50) to sulfisoxazole, gentamicin and tetracycline. There were 57 different resistance patterns in the qacED1-positive isolates. The most frequent resistance pattern was sulfisoxazolegentamicin-streptomycin-tetracycline (15.0%, n ¼ 19), followed by ampicillin-sulfisoxazole-gentamicin-streptomycin-tetracycline (8.7%, n ¼ 11), sulfisoxazole-gentamicin-streptomycin (7.1%, n ¼ 9) and sulfisoxazole-gentamicin-tetracycline (7.1%, n ¼ 9). Only one resistance pattern, ampicillin-tetracycline, was found in two qacG-positive isolates. Among 10 qacF-positive isolates, 90.0% (n ¼ 9) were resistant to sulfisoxazole and tetracycline, 60.0% (n¼6) to chloramphenicol and 40.0% (n¼4) to ampicillin. Two qacF-positive isolates were multidrug resistant, showing resistance to ampicillin-chloramphenicol-kanamycin-sulfisoxazole-streptomycin-tetracycline and amoxicillin/clavulanic acid-ampicillincefoxitin-chloramphenicol-kanamycin-sulfisoxazole-tetracycline, respectively.
Seventeen different QAC resistance genotypes were identified in resistant and susceptible E. coli (Table S2) . However, the genotypes in the resistant E. coli were more diverse than those found in the susceptible isolates. Among 399 antimicrobial-resistant isolates, there were 16 QAC resistance genotypes, whereas there were only seven genotypes among 171 susceptible isolates. mdfA-sugE(c)-ydgE-ydgF and emrE-mdfA-sugE(c)-ydgE-ydgF were the top two genotypes in both resistant and susceptible isolates, together accounting for 96.5% and 61.7% of each group, respectively.
MICs of disinfectants for selected E. coli isolates
In general, we observed high MICs of ADBAC, CTAB, CTPC and HAB, and low MICs of CL and TCL (Table S3 , available as Supplementary data at JAC Online). Compared with the reference strains, the isolates showed reduced susceptibility to all QACs except for TCL. TCL, however, is a polychlorophenoxy phenol and does not belong to the QAC disinfectant family. High MICs of QAC were observed for the isolates that carried qacG (the R1 genotype). The MICs of CTAB, CTPC and HAB were 512-1024 mg/L, 1024 mg/L and 1024 mg/L, respectively. Isolates containing emrE, mdfA, ydgE/F, sugE(c) and sugE(p) (the R2 genotype) also showed a higher MIC (512 mg/L) of CTPC and HAB. Those with genotypes R3 and R4, carrying qacF, displayed higher MICs (by 2-to 4-fold) of all the disinfectants except TCL, compared with the control strains. Interestingly, the MICs of QACs were not significantly different between qacED1-positive and qacED1-negative isolates among the antimicrobial-resistant isolates. However, pan-susceptible isolates that carried qacED1 Zou et al.
(types S1 and S2) had a higher MIC of CTAB (1024 mg/L) compared with pan-susceptible isolates without qacED1. In general, the higher MICs of QAC were associated with qac and sugE(p).
Discussion
Despite the widespread use of chemical interventions, E. coli is commonly present on retail meats, 25 and many E. coli exhibit resistance to common antimicrobials. We hypothesized that the use of QACs in the food-processing environment might select for strains with acquired QAC resistance that also carry genes encoding resistance to medically important antimicrobial agents. 27 If so, the use of QAC disinfectants might influence the types of antimicrobial-resistant organisms that reach consumers via foods. Reduced susceptibilities to disinfectants have been reported among bacteria isolated from food or food production environments. 27 -29 However, the prevalence of QAC resistance genes in E. coli, the mechanisms of disinfectant resistance and the association between QAC resistance and the antimicrobial susceptibility of E. coli isolated from food were not clear.
The present study demonstrated that a variety of QAC resistance genes were present in E. coli. Among the QAC resistance genes, five genes, qacE, qacED1, 14 qacF, 16,30 qacG 15 and sugE(p), 19, 31 are located in mobile genetic elements and linked (co-exist) with different antibiotic resistance genes. The other five genes, emrE, 12, 32 sugE(c), 33 mdfA, 7 ydgE and ydgF, are chromosome-encoded genes and have shown cross-resistance to different antimicrobials. 6, 34 Based on previous descriptions of the location of QAC resistance genes, we found that the chromosome-encoded efflux pump genes 6,7,9,10,17 were commonly present in E. coli isolated from retail meat. However, mobile-element-encoded QAC genes were relatively low in frequency. Similar findings were reported in Salmonella, with 27.0% positive for qacED1 and 0% positive for qacE.
11 Kucken et al. 14 reported that the qacED1 gene was detected in 10.0% of isolates and that the qacE gene was found in only 1.0% of isolates. In addition, qacF and qacG, which had also previously been found in Enterobacter aerogenes and Pseudomonas spp., 15, 16, 30 were present only in 1.8% (n ¼ 10) and 0.4% (n ¼ 2), respectively, of isolates in our study. These genes have been reported to be located in class 1 integrons. 15, 21, 35 Several studies have shown that genes encoding efflux pumps promote bacterial resistance to a narrow range of QACs without conferring cross-resistance to antimicrobials. 6, 9, 36 We examined the association between antimicrobial resistance and the presence of different QAC resistance genes. Most notably, qacED1 and sugE(p) were highly associated (P, 0.05) with antimicrobial resistance. Studies have shown that the qacED1 gene is common in enteric bacteria and is located in the 3 ′ -conserved segment of class 1 integrons that carry sul1 (sulphonamide resistance determinant). 14, 37 The qacED1 and sul1 genes usually co-exist in integrons, which could explain the fact that 93.7% (n ¼ 119) of qacED1-positive isolates showed co-resistance to sulphonamides. In addition, 75.6% (n¼ 96) of qacED1-positive isolates were resistant to gentamicin and 56.7% (n ¼ 72) to both sulfisoxazole and gentamicin. Whether or not these resistance genes were present with the qacED1 gene in class 1 integrons was not determined in this study. It is known that multiple gene cassettes can be arranged in tandem within these elements and more than 60 distinct cassettes have been identified to date, including aminoglycoside resistance genes. 38, 39 Cassette-associated genes also have been shown to confer resistance to b-lactams, phenicols, trimethoprim and streptothricin, as well as QACs. Therefore, it was not surprising that the presence of the qacED1 gene in our isolates was frequently associated with resistance to sulfisoxazole, gentamicin, tetracycline, streptomycin and ampicillin.
Likewise, many sugE(p)-positive isolates were resistant to ampicillin (87.2%), amoxicillin/clavulanic acid, ceftriaxone, cefoxitin, ceftiofur (74.4%), tetracycline (66.7%), streptomycin (61.5%) and sulfisoxazole (46.2%). The sugE(p) gene in IncA/C (E. coli) and pSN254 (Salmonella) plasmids has been linked with other resistance genes, such as bla CMY-2 , sul1, sul2, floR, aadA, aacC and tet. 19, 31, 40 Since most sugE(p)-positive isolates were multidrug resistant, it is likely that the sugE(p) gene is linked with the multidrug resistance IncA/C plasmid and other types of multidrug resistance plasmids. Our findings indicated that using QACs in the food-processing environment could select for strains with acquired QAC resistance that also carry resistance genes to medically important antimicrobial agents such as ceftriaxone, an important drug to treat salmonellosis.
Compared with the reference strains, E. coli isolates with different QAC genotypes showed reduced susceptibility to QACs (Table S3) . With the exception of mdfA, which belongs to the MFS family, the other genes are members of the SMR family. These resistance genes encode efflux pumps conferring resistance to QACs via an electrochemical proton gradient. 17 Several studies have shown that different chromosome-encoded QAC resistance genes have contributed to resistance to QACs. 6, 7, 9, 10, 36 E. coli isolates harbouring mdfA have been shown to be resistant to benzalkonium. 7 The sugE and emrE genes have been demonstrated to provide resistance to CTPC, HAB, cetylpyridinium ammonium bromide, cetyldimethylethyl ammonium bromide and benzalkonium. 8, 9, 11 In addition, the expression of E. coli ydgE/ydgF genes confers host resistance to benzalkonium. 11 Our study showed that these genes were not only commonly present in E. coli, but also associated with a decrease in susceptibility to all QACs. Since each bacterial strain has more than one QAC resistance gene, we were not able to assess how much or what level of QAC resistance was contributed by each qac gene or by different qac gene combinations. However, among the six disinfectants tested, regardless of the source of the E. coli isolates, the resistance status and the genotype combinations of QAC resistance genes, TCL remained the most effective disinfectant against E. coli.
In conclusion, this study demonstrated that QAC resistance genes were commonly present among E. coli isolated from retail meats. Therefore, using QACs for the decontamination of the environment may not be as effective as expected. Several genes, including qacF, qacG and sugE(p), were newly described in E. coli. The qac and sugE(p) genes were highly associated with multidrug resistance phenotypes. Therefore, using QACs in the food-processing environment could provide selection pressure for strains with acquired resistance to other antimicrobials.
